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Abstract 
We describe a novel gas-Cherenkov calorimeter, which detects Cherenkov light showers emitted in an 
array of thin metal tubes or channels filled with gas. The materials are not vulnerable to radiation damage, 
and the detector is inherently fast and able to operate in high rate environments. Future accelerators such 
as the ILC and a muon collider will need fast, radiation-tolerant detectors for monitoring beams and beam 
halos, and detectors are needed that can operate in the presence of high particle rates. Such detectors will 
also be useful for high rate environments at upgraded facilities such as RHIC, CEBAF II, and at 
Fermilab’s Project X. 
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1. Introduction 
Particle and nuclear physics experiments are increasingly operating in high intensity beam 
environments.  This creates a need for detectors that can operate in high intensity environments. Similarly, 
there is a need for robust beam monitoring detectors that are operable near the intense beams at colliding 
beam accelerators. We present a novel calorimeter that has features that make it suitable for beam halo 
monitoring and possible use as part of the detection system of an experimental apparatus. The following 
features of a gas-filled Cherenkov calorimeter are relevant to the high intensity beam environment: 
x Cherenkov light is produced instantaneously as the particles pass through the gas and the calorimeter is 
emptied of light within a nanosecond or two after the particles exit. 
x It is insensitive to radioactive decay products:   The threshold for Cherenkov radiation is ~10 MeV in 
gas. This provides stability for long term operation even if the material becomes activated. 
x It is radiation-tolerant:  The basic unit is composed of metal and gas (except possibly for photon 
detectors) and it is not altered by large radiation exposure  
x The photon detector has a logarithmic response: This makes the detector able to operate in a wide 
range of intensities 
 
2. Calorimeter Radiator 
The calorimeter radiator and its principles are shown in Figure 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: (a) Array of high-Z hexagonal rods in a cylindrical configuration; (b) detail view of the ends of rods; (c) side view of 
radiator showing simulation of a 10 GeV electron entering at the left and showering in the rods as indicated.   
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The radiator is comprised of an array of high-Z rods or tubes that are oriented approximately parallel to 
the direction of the beam, as shown in Figure 1(a), showing hexagonal rods arranged in a cylindrical 
array, with gas-filled spaces between the  rods  as indicated in Figure 1(b). The Cherenkov light generated 
in the gas propagates along the rods in the spaces as shown in green, making multiple reflections. An 
illustration of the development of a shower and the propagation of the light in the calorimeter is shown in  
Figure 1(c), which shows a simulation of a 10 GeV electron showering in the rods and producing multiple 
electrons  and positrons (shown in red), which produce Cherenkov radiation (shown in green)  in the gas. 
Results of an additional simulation are shown in Figure 2. A beam of 500 GeV electrons impinges on a 
calorimeter modules consisting of 30 radiation lengths of tungsten hexagonal rods. The energy resolution 
is 5.4% and the photon arrival time distribution at the back of the module has an RMS of 11 ps and the 
FWHM at the peak is also 11 ps. Thus the module shows reasonable energy resolution and very good 
time resolution.  
 
 
 
 
 
 
 
Figure 2: Simulation of 500 GeV electrons impinging on a calorimeter module, (a) energy distribution, assuming 4.7 photons per 
GeV; (b) photon arrival time distribution at the back of the module. The energy resolution is 5.4%, and the RMS arrival time is 
11ps. 
3. Light transport 
 
As shown in Figure 1 (c), the light that propagates between the rods makes several reflections before 
reaching the back of the calorimeter.  Thus the efficiency of transport of the light is of great importance 
for the operation of the gas-filled calorimeter.  The most important transport factor is the reflectivity of 
the surfaces of the rods. High reflectance surfaces or coatings are needed on the rods or tubes that carry 
the light to the photon detectors. With as many as 12 reflections along the conduits, the light signals can 
be severely attenuated if the reflectance is not excellent.  We are currently investigating several means to 
produce high reflectance surfaces.  
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x Polishing techniques similar to those used for RF cavities 
x Atomic layer deposition 
x Chemical  vapor deposition 
 
4. Light Collection and detection 
 
    The design of the light collection system, in particular its segmentation, depends on the application. 
The arrangement of rods and spacing between them can be designed to optimize the shower production 
and the amount of light that is received at the back of the calorimeter, which is dependent on the energy 
of the shower. The number and types of light detectors depend on several factors. 
x The particle rates and intensities expected at the downstream end of the array of rods and tubes that 
make up the calorimeter.  The photon detectors must be able to tolerate the radiation levels and not 
degrade after long exposure. 
x The transverse sizes of the showers and the probability that multiple showers may overlap, and 
whether it is required to resolve nearby showers in the detector. 
x The needs of the application pertaining to energy and spatial resolution. At the two extremes of 
granularity, (1) all of the light from a calorimeter unit is collected by a single detector, and (2) there is 
a detector installed at each of the spaces between rods in the calorimeter. 
 
5. Types of photon detectors  
 
    The typical requirements for the photon detector elements for calorimeters of this type are: (1) they 
must be fast (response times, <~ 1 ns); (2) they must be able to operate over a broad dynamic range; (3) 
they must be radiation-tolerant. Some of the candidates that may meet these requirements are: SiPMs, 
diamond detectors, MCPs, and GEMs. In addition, the associated electronics for the photon detectors 
must be able to operate in the radiation and electrical/magnetic field environment near the calorimeters, or 
the system must be designed to locate the photon detectors at a distance from the calorimeters. 
 
5.1 SiPM properties 
 
    SiPMs are small in size, typically ~ 2mm square, they have been tested and found to operate well in 
~2T magnetic fields, and they require low bias voltages, ~50V. They have fairly good performance in 
high radiation environments, particularly for electromagnetic radiation, with only small changes in dark 
current after exposure up to ~250G [1], however, SiPMs are more sensitive to proton or neutron radiation, 
showing dark current that increased by a factor of 10 between 3Gy and 40Gy [1]. There is also an 
increase in after-pulsing following high radiation rates. 
 
5.2 MCP-PMT properties  
 
    Micro-channel plate PMTs, which are made of porous glass, have been found to have good radiation 
hardness, with no major deterioration up to 1014 neutrons/cm2, for a Hamamatsu R3809U-50 MCP-PMT 
[2]. Another type of MCP-PMT is being developed, using anodic aluminium oxide instead of glass, which 
is believed to be intrinsically radiation-hard. Tolerance to magnetic fields of MCP-PMTs is fairly good 
for magnetic fields along the pores up to about 2T, but dependence  at non-normal angles has not been 
thoroughly investigated.
 
 
6. Examples of applications 
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6.1 Beam Halo Monitor 
 
    Figure 3shows how a calorimeter could be used as a beam halo monitoring detector at a high energy 
accelerator beam, such as might be used at an electron or positron beam at an electron-positron collider, 
such as the ILC or at CLIC.  The rods are parallel to the beam. The calorimeter is cylindrical, with the 
beam pipe passing through a hole in the calorimeter.  
 
 
 
Figure 3: Calorimeter used as a beam halo monitor. 
If the radiation levels are too high for the photon detectors to be mounted directly at the downstream end 
of the calorimeter, the detectors could be mounted at a distance from the beam, as shown in Figure 4. 
Light from the calorimeter is reflected by 90° by an array of mirrors and light guides to the detectors. 
Additional shielding (for neutrons, charged particles, or magnetic field reduction can be deployed as 
indicated. 
 
6.1.2 Other potential applications 
 
    In addition to use as a beam monitor at the ILC or at CLIC, gas Cherenkov calorimeters may be 
deployed as part of the detector system at a number of high energy facilities that are planned or being 
built, as indicated in Figure 5. In all the facilities shown there are high energy electron or positron beams, 
except for the muon collider. In the muon collider case, there is expected to be a large background of 
electrons and positrons that result from decays of muons along the ring.  Fast calorimeters, such as the gas 
Cherenkov calorimeter, could be used to suppress or tag events in which high energy electrons or 
positrons hit the main detector, or as imbedded in the shielding cone in the forward angle region around 
the beams. 
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Figure 4: Beam monitor, with photon detectors mounted outside the calorimeter. 
 
 
Figure 5: Examples of facilities in which gas Cherenkov calorimeters may be deployed. 
7. Photo-detector with logarithmic response 
 
    High intensity accelerators such as those above are likely to produce beam backgrounds that may vary 
over many orders of magnitude. A photo-detector with logarithmic response, which can operate over a 
wide range of intensities without saturating could be very useful, particularly for use in gas Cherenkov 
calorimeter applications. We show how a suitably configured set of SiPMs can provide logarithmic 
response over a wide range of rates. SiPMs have the following properties that make them attractive for 
this purpose. SiPMs consist of ~1000 Geiger cells over an area of a few mm-square. They have 
exceptional single photon counting capabilities, good signal-to-noise, high speed, and robustness even for 
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complete saturation of all Geiger cells. They can operate in high magnetic fields and can operate in full 
daylight at full voltage. In addition, SiPM silicon structures can be made partially transparent to light in 
the visible range.  
 
A multi-layer stacked assembly of SiPM layers can be constructed to provide logarithmic response in the 
following manner. If the SiPM has 10% transparency, 90% of the incident light will trigger Geiger cells, 
and 10% of the light will emerge from the back of the silicon substrate and enter the next layer. The 
second SiPM layer below the first one will intercept the transmitted 10%, and pass 1% of the light, and so 
on through the stacked array of SiPMs. The response of the detector will consist of maximal signals (e.g. 
all 1000 Geiger cells) from each of the saturated layers and lesser signals from the unsaturated layers, as 
shown in the example in Table 1. 
 
Table 1: Mean number of Geiger cells struck, within SiPM time window, for 10-layer stack of SiPMs, with 1000 Geiger cells per 
layer, and transparency of 10%.   “Sat” means that all of the 1000 Geiger cells in the SiPM are hit, and the SiPM is fully saturated. 
SiPM 
Layer 
Low 
intensity 
(10 
photons 
incident) 
Medium 
intensity 
(104 
photons 
incident) 
High 
intensity 
(3x105 
photons 
incident) 
Very High 
Intensity 
(109 
photons 
incident) 
1 ~10 1000(sat) 1000(sat) 1000(sat) 
2 ~1 ~100 1000(sat) 1000(sat) 
3 
4 
5 
6 
7 
8 
9 
10 
0 
0 
0 
0 
0 
0 
0 
0 
~100 
~1 
0 
0 
0 
0 
0 
0 
1000(sat) 
~270 
~30 
~3 
0 
0 
0 
0 
1000(sat) 
1000(sat) 
1000(sat) 
1000(sat) 
~900 
~100 
~10 
~1 
8. Summary and future work 
    We have presented concepts for a new type of calorimeter that is well suited for use at high energy 
lepton and lepton-hadron colliders. Its main attributes are its ability to withstand high radiation 
environments and intensities over long periods of time.  A second concept is that of detectors that have 
logarithmic response to incident radiation rates. As such the combination of the gas Cherenkov 
calorimeter and photon detectors with logarithmic response provides an exceptionally large range of 
operation over varying intensities. In addition, by filling the calorimeter with both scintillating and non-
scintillating gases, it has the potential to be used with a dual readout, which gives it the potential for use 
as a detector for hadrons, muons and electromagnetic particles.  Future investigations include evaluation 
of techniques for highly reflective surfaces of the rods or tubes, testing of the logarithmic detector 
concept, construction and testing of calorimeter modules, and selection of appropriate scintillating gases 
for dual readout calorimetry. 
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